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Abstract Themantle transition zone (MTZ) of Earth is demarcated by solid‐to‐solid phase changes of the
mineral olivine that produce seismic discontinuities at 410 and 660‐km depths. Mineral physics experiments
predict that wadsleyite can have strong single‐crystal anisotropy at the pressure and temperature
conditions of the MTZ. Thus, signiﬁcant seismic anisotropy is possible in the upper MTZ where
lattice‐preferred orientation of wadsleyite is produced by mantle ﬂow. Here, we use a body wave method, SS
precursors, to study the topography change and seismic anisotropy near the MTZ discontinuities. We
stack the data to explore the azimuthal dependence of travel‐times and amplitudes of SS precursors and
constrain the azimuthal anisotropy in the MTZ. Beneath the central Paciﬁc, we ﬁnd evidence for ~4%
anisotropy with a SE fast direction in the upper mantle and no signiﬁcant anisotropy in the MTZ. In
subduction zones, we observe ~4% anisotropy with a trench‐parallel fast direction in the upper mantle and
~3% anisotropy with a trench‐perpendicular fast direction in the MTZ. The transition of fast directions
indicates that the lattice‐preferred orientation of wadsleyite induced by MTZ ﬂow is organized separately
from the ﬂow in the upper mantle. Global azimuthal stacking reveals ~1% azimuthal anisotropy in the upper
mantle but negligible anisotropy (<1%) in the MTZ. Finally, we correct for the upper mantle and MTZ
anisotropy structures to obtain a new MTZ topography model. The anisotropy correction produces ±3 km
difference and therefore has minor overall effects on global MTZ topography.
1. Introduction
The mantle transition zone (MTZ) is bounded by the 410 and 660‐km discontinuities and plays an important
role in mantle convection and global water circulation between upper and lower mantle (e.g., Bercovici &
Karato, 2003). These major MTZ discontinuities are characterized by sharp seismic velocity and density
jumps as a primary 1‐D feature of the Earth (e.g., Dziewonski & Anderson, 1981). The boundaries are attrib-
uted to the pressure‐induced phase changes of olivine with increasing pressure and temperature: olivine to
wadsleyite at 410 km, wadsleyite to ringwoodite at 520 km, and ringwoodite to ferropericlase + bridgmanite
at 660 km (Ita & Stixrude, 1992; Ringwood, 1975). The phase changes at 410 and 660 km have opposite
Clapeyron slopes (Ito & Takahashi, 1989; Katsura & Ito, 1989); this results in a thinner MTZ in hot regions,
and thicker MTZ in cold regions, assuming that pressure and temperature effects are dominant. The topo-
graphy of MTZ discontinuities has previously been used successfully as a mantle thermometer to study ther-
mal heterogeneities and map ﬂow patterns (Bina & Helffrich, 1994; Gu et al., 1998; Helffrich, 2000;
Stixrude, 1997).
Over the last two decades, the topography of MTZ discontinuities has been systematically mapped using
various seismic methods, including SS and PP precursors (e.g., Flanagan & Shearer, 1998, 1999), ScS
reverberations (e.g., Revenaugh & Jordan, 1991), and receiver functions (e.g., Lawrence & Shearer, 2006).
SS precursors are the underside reﬂections of shear waves at the 410 and 660‐km discontinuities
(Figure 1). Measurements of SS precursors provided the ﬁrst global‐scale topography maps of the 410 and
660‐km discontinuities (Chambers et al., 2005; Deuss & Woodhouse, 2002; Flanagan & Shearer, 1998; Gu
& Dziewonski, 2002; Houser et al., 2008; Lawrence & Shearer, 2008; Shearer, 1991, 1993). Regional‐scale
SS precursor studies were performed for areas of high data density, including the Paciﬁc Ocean (Cao
et al., 2011; Schmerr et al., 2010; Schmerr & Garnero, 2006; Thomas & Billen, 2009; Yu et al., 2017), South
America (Schmerr & Garnero, 2007), and central and eastern Asia (Heit et al., 2010; Lessing et al., 2014).
Despite the discrepancies between topography models, deep 410‐km and shallow 660‐km discontinuities
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(thin MTZ) are generally observed beneath hot mantle plume regions. Conversely, shallow 410‐km and deep
660‐km discontinuities (thick MTZ) are typically detected beneath cold subduction zones. This is consistent
with the mineralogical properties of the phase changes. However, seismic anisotropy in the upper mantle
and transition zone has not been previously taken into account when mapping the 410 and 660 depths,
which may cause signiﬁcant biases for MTZ topography measurements in a region with limited azimuthal
coverage.
Seismic anisotropy describes the dependence of seismic velocity on the propagation or polarization direc-
tions of seismic waves. It is produced by two primary deformation mechanisms within the Earth: the
lattice‐preferred orientation (LPO) of anisotropic minerals or the shape‐preferred orientations (SPO) of dis-
tinct isotropic materials. In the upper mantle, the LPO of olivine explains most observations of seismic ani-
sotropy as olivine is the most volumetrically abundant mineral with ~18% of single‐crystal shear wave
anisotropy (Mainprice, 2007; Mainprice et al., 2005; Webb, 1989). In the transition zone, the orthorhombic
wadsleyite has up to 14% single‐crystal shear wave anisotropy (Sawamoto et al., 1984; Sinogeikin et al., 1998;
Zha et al., 1997). Ringwoodite, present in the deeper MTZ, has a cubic structure and is nearly isotropic with
only ~2% shear wave anisotropy (Kiefer et al., 1997; Li et al., 2006; Sinogeikin et al., 2003; Weidner et al.,
1984). The abundant majorite garnet is also nearly isotropic in the transition zone (Bass & Kanzaki, 1990;
Pamato et al., 2016). Clinopyroxene would not produce signiﬁcant seismic anisotropy due to its low volume
fraction in the MTZ (Sang & Bass, 2014). As a result, wadsleyite is the main candidate to generate seismic
anisotropy in the upper part of the MTZ. Thus, we hypothesize that the LPO of wadsleyite caused by the
deformation from mantle ﬂow (e.g., upwelling plume or subducting slab) will produce seismic anisotropy
in the MTZ. It should be noted that magnesite, with ~40% shear wave anisotropy, in the regionally carbo-
nated mantle (e.g., subducted slabs) might be a candidate as well (Yang et al., 2014).
Seismic evidence of upper mantle anisotropy (<220 km) is widely reported in global tomography models
(e.g., Beghein & Trampert, 2004; Chang et al., 2015; French & Romanowicz, 2014; Lekić & Romanowicz,
Figure 1. Example raypaths and seismograms of the SS precursors. (a) The raypaths of SS precursors at the epicentral
distances of 125° and 180°. The red star represents the source, and blue triangles denote the stations. The reﬂections at
the 410 and 660‐km discontinuities are highlighted by the red box. (b) Expanded view of SS precursor raypaths beneath the
bounce point region. The SS precursors reﬂected off 410 and 660‐km discontinuities are named as S410S and
S660S, respectively. The polarizations of SH and SV waves are plotted as red and blue arrows, respectively. This study
focuses on using the SH waves to detect azimuthal anisotropy. (c) An example stacked seismogram of SS phase and the
precursors.
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2011; Moulik & Ekström, 2014). However, observations of MTZ
anisotropy are challenging due to the lower resolution and decrease in
the strength of anisotropy at greater depths. Despite these difﬁculties,
evidence for MTZ azimuthal anisotropy is provided by shear wave
splitting measurements (Chen & Brudzinski, 2003; Foley & Long, 2011;
Fouch & Fischer, 1996; Tong et al., 1994; Wookey et al., 2002), normal
modes (Beghein et al., 2008), surface wave tomography (Debayle et al.,
2016; Trampert & van Heijst, 2002; Yuan & Beghein, 2013, 2014, 2018),
inversion of surface and S waveforms (Schaeffer et al., 2016), and the
inversion of deep earthquake moment tensors (Li et al., 2018). For
example, Trampert and van Heijst (2002) showed that Love wave
overtones are compatible with the presence of azimuthal anisotropy in
the MTZ. Wookey et al. (2002) found evidence for seismic anisotropy
near the 660‐km discontinuity beneath the Tonga‐Kermadec subducting
slabs using shear wave splitting, and this is interpreted as the mineral
alignment by mid‐mantle ﬂow. Recently, Li et al. (2018) used the
moment tensor of deep, non‐double‐couple earthquakes to invert for in
situ seismic anisotropy assuming shear‐dislocation faulting mechanism
and found 25% anisotropy in the MTZ, which was explained with the
presence of magnesite or carbonate melt.
In Figure 2, we compare the root‐mean‐squares (RMS) of azimuthal ani-
sotropy amplitudes from three recent surface wave tomography models,
which use higher modes of surface wave and thus are sensitive to the azi-
muthal anisotropy in the MTZ. In all three models, the strongest azi-
muthal anisotropy (~2%) exists in the upper mantle above 220 km. The
YB13SVani (Yuan & Beghein, 2013) and 3D2017_09Sv (Debayle et al.,
2016) models found ~1.0% and ~0.8% azimuthal anisotropy in the whole transition zone, respectively.
However, the cross‐model correlation of different surface wave tomography models in the MTZ is extremely
low compared to their relatively good agreement in the upper mantle (Schaeffer et al., 2016). The coherence
between surface wave tomography models and global SKS splitting measurements (Becker et al., 2012) is
even lower in the MTZ. This implies that azimuthal anisotropy in the MTZ is not well constrained from
either the surface wave or shear wave splitting methods.
In this study, we use a body wave method, SS precursors (SH wave), to constrain azimuthal anisotropy in the
MTZ, via examining the azimuthal dependence of their travel‐times and amplitudes. The SS precursor
method has excellent data coverage in oceanic regions and a higher vertical resolution in theMTZ compared
to shear wave splitting methods. This method has been previously applied to lithosphere‐asthenosphere
boundary (Rychert et al., 2012, 2014). Our study of MTZ anisotropy also provides corrections that contribute
to a more precise MTZ topography model. These improved constraints on the MTZ anisotropy and topogra-
phy structures illuminate the nature and style of mantle convection.
2. Methods
2.1. Data Set
Our study beneﬁts from a global SS data set consisting of 45,624 seismograms (Waszek et al., 2018). The data
set incorporates a global catalog of large earthquakes (6 ≤Mw ≤ 7) from 1988 and 2016, to ensure signiﬁcant
SS signals above the background noise. The event depth criteria are shallower than 30 km to avoid interfer-
ence with depth phases, with event‐receiver epicentral distances between 100° and 180°. The data are ﬁl-
tered using a Butterworth band‐pass ﬁlter between 15 and 50 s to remove seismic noise, and records with
signal‐to‐noise ratio lower than 2.5 are discarded. Here, we use the transverse components (BHT) to study
the SH waves for topography and azimuthal anisotropy in the MTZ. Predicted travel‐times from the
Preliminary Reference Earth Model (PREM) by Dziewonski and Anderson (1981) provide a time window
to visually select the SS phase, which is handpicked. The polarities of SS phases are reversed to positive
where necessary, and the seismograms are aligned to the peak maxima, then normalized.
Figure 2. The root‐mean‐squares (RMS) of azimuthal anisotropy ampli-
tudes from three surface wave anisotropy models: YB13SVani (Yuan &
Beghein, 2013), SL2016svA (Schaeffer et al., 2016), and 3D2017_09Sv
(Debayle et al., 2016) are plotted as a function of depth. The depth range of
the MTZ (410–660 km) is highlighted in the gray box.
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The SS precursors are sensitive to the structure beneath the bounce points (Figure 1) and provide dense sam-
pling coverage in oceanic regions such as the northwestern and central Paciﬁc (Figure 3). Our goal is to map
the azimuthal variations of SS precursor travel‐times and amplitudes as a function of bounce point azimuths.
Thus, in addition to the number of records, we employ the azimuthal coverage criteria for selecting study
regions to investigate azimuthal anisotropy in the MTZ. However, regions with high bounce point density
tend to have uniform azimuthal distribution (e.g., South America and Indian Ocean) because most data
are produced from similar event‐receiver conﬁgurations. A global search for regions with both dense bounce
points and sufﬁcient azimuthal coverage identiﬁes four suitable target locations to study azimuthal aniso-
tropy: (1) the northwestern Paciﬁc, (2) the central Paciﬁc, (3) the central Atlantic, and (4)
Greenland (Figure 3).
2.2. Stacking Methods
The amplitudes of SS precursors are only ~5% of SS phase, which require stacking to suppress noise and
improve the signal‐to‐noise ratio. We follow the stacking method by Schmerr and Garnero (2006) to stack
SS precursors along the predicted slowness curves, using 125° as the reference distance. We align the data
to the predicted travel‐times of SS precursors at the reference distance from PREM in order for coherent
stacking. We use distance exclusion windows to avoid the interference of other seismic arrivals that have
similar amplitudes with SS precursors and could contaminate our results. These phases with similar ampli-
tudes include topside reﬂections (e.g., s660sS) and ScS reverberations (e.g., ScS660ScS). The exclusion win-
dows for S410S are 0–100° and 135–145°; S660S windows are 0–115° and 165–180° (Schmerr & Garnero,
2006). The travel‐times of SS precursors are then converted to depths using PREM. A bootstrap technique
with 300 random resamples provides the 95% conﬁdence level (2σ) of travel‐times and amplitudes of the
stacking results (e.g., Efron & Tibshirani, 1986).
We use different bin geometries to stack the data set: geographical bins and azimuthal bins. For the geogra-
phical bins, we place equally spaced 1,000‐km radius bins that are overlapping every 500 km to map the
topography of 410 and 660‐km discontinuities. For the azimuthal stacks, we place 2,000‐km radius geogra-
phical bins in the four target locations (Figure 3). We then further break down the records within the geo-
graphical bins to generate 30° azimuthal bins of the bounce point azimuths. The SS precursors traveling
along one azimuth (e.g., α) are sensitive to the same velocity structure as those traveling in the opposite
direction (α+π). Consequently, we combine the two azimuthal bins with a π shift to improve the azimuthal
sampling. This method provides regional estimates of MTZ anisotropy. A second technique for azimuthal
stacking is used for data from subduction zones around the Paciﬁc Ocean. Due to limited azimuthal
Figure 3. The map of SS bounce points in the SS data set. The colors represent the azimuths of SS bounce points, which
point from the sources to receivers. The black circles highlight the four regions with ample bounce points and azimuthal
coverage.
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coverage in each subduction zone, we combine all the subduction zones into one data set and deﬁne a rela-
tive azimuth (Figure 7b). We then stack the subduction zone data according to the relative azimuths to
explore MTZ anisotropy in the vicinity of subduction zones. Finally, we calculate the relative azimuths
between bounce point azimuths and fast directions from global surface wave tomography models (e.g.,
Debayle et al., 2016; Schaeffer et al., 2016; Yuan & Beghein, 2013) for the entire data set. We stack the data
into 15° bins of relative azimuths to study global azimuthal anisotropy patterns in the upper mantle
and MTZ.
2.3. Crust and Tomography Corrections
The crustal thickness, surface topography, and upper mantle heterogeneities all affect the travel‐times of
SS and its precursors, biasing the measurements of MTZ topography and anisotropy. Thus, we apply pre‐
stacking crust and tomography corrections for each record, to remove the effects from isotropic crustal
and upper mantle structures. For the crust, we use CRUST 2.0 model (Bassin et al., 2000) to calculate
travel‐time residuals beneath each bounce point with respect to PREM. Then, we use S40RTS tomography
model (Ritsema et al., 2011) to correct for the lateral heterogeneities in the upper mantle. Using 1‐D ray tra-
cing, we compute the travel‐time residuals for the SS phase and precursors (SdS) with respect to PREM. The
SS‐SdS differential travel‐time residuals are used as the tomography corrections. The 1‐D ray tracing
approach does not account for the 3‐D effects of raypaths such as the sensitivity kernels of SS phase and pre-
cursors. As a result, the ray‐theoretical corrections potentially underestimate the effect of 3‐D velocity struc-
tures, especially the small‐scale structures, on the travel‐times of SS phase and precursors (e.g., Bai et al.,
2012; Koroni & Trampert, 2016; Zhao & Chevrot, 2003). This may cause as much as 5‐km errors (<3 km
in a well‐sampled region) in the depths of MTZ discontinuities (Bai et al., 2012). A recent study by Koroni
et al. (2017) suggests that a full waveform approach, including both the 3‐D sensitivity kernels and boundary
kernels, improves the accuracy of corrections for the mantle velocity structures and better constrains the
MTZ topography. Here, we focus on the large‐scale structures (>1,000 km) in the upper mantle and MTZ.
Therefore, the ray‐theoretical corrections can remove most of the large‐scale heterogeneities and should
be accurate enough for this study.
2.4. Inversion for Azimuthal Anisotropy
The azimuthal variations of SS precursor travel‐times arise from the seismic anisotropy in the upper mantle
andMTZ. Here, we build 1‐D anisotropy models to quantify the strength and fast direction of azimuthal ani-
sotropy from SS precursor travel‐times. In a transversely isotropic medium with a horizontal symmetry axis,
the velocity of vertically propagating SH wave is expressed as the following equations (Crampin, 1984;
Montagner et al., 2000):
ρV2qSH ¼ L−Gc cos2ψ−Gs sin2ψ (1)
L ¼ ρV2SV ¼
1
2
C44 þ C55ð Þ (2)
where VqSH is the velocity of quasi‐SH wave, ψ is the azimuth of wave propagation direction, L is a function
of the isotropic SV wave velocity and can be expressed as elastic parameters Cij, and Gc ¼ 12 C55−C44ð Þ and
Gs = C54 are the 2ψ azimuthal terms of L (Montagner & Nataf, 1986).
We use equations (1) and (2) to perform an inversion for Gc and Gs values from the observed SdS travel‐
times. To achieve this, we ﬁrst build simple 1‐D anisotropy models with constant Gc and Gs values in the
upper mantle (80–220 km) and MTZ (410–660 km) to predict SdS travel‐times. Then, we use a grid search
method and chi‐squared statistics to determine the best ﬁtting model and quantify the 2σ uncertainties:
χ2 ¼ ∑
N
i¼1
tobsi −t
pre
i
 2
σ2i
(3)
where tobsi is the observed SdS travel‐times, t
pre
i is the predicted SdS travel‐times, σi is the standard deviations
of observed travel‐times, and N is the number of measurements. The fast direction (Θ) and strength of ani-
sotropy (G) are calculated from the best ﬁtting Gc and Gs values:
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Θ ¼ 1
2
arctan Gs=Gcð Þ (4)
G ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
G2s þ G2c
q
(5)
2.5. Amplitude Correction
The SS precursor amplitudes are sensitive to the impedance contrast at 410 and 660‐km discontinuities and
thus can be used to detect seismic anisotropy near the discontinuities. However, ﬁve different factors contri-
bute to the amplitudes: (1) reﬂection coefﬁcient at the discontinuity, (2) attenuation along the raypath, (3)
geometrical spreading, (4) focusing and defocusing effects from stacking, and (5) radiation patterns from dif-
ferent focal mechanisms. Only the reﬂection coefﬁcient is sensitive to seismic anisotropy near the MTZ dis-
continuities. Therefore, we apply a post‐stacking amplitude correction based on synthetic data, to negate
other inﬂuences. We generate a 1‐D synthetic data set using GEMINI (Friederich & Dalkolmo, 1995) for
ak135 model (Kennett et al., 1995). The synthetics are matched with corresponding data by depth and epi-
central distance then processed and stacked following the same procedure as for the real data.
The radiation patterns for SS and SdS phases are similar and canceled out by taking the relative amplitude of
SdS/SS. Subsequently, the stacked SdS/SS amplitudes can be expressed as a function of only four other
factors:
ASdS=SSdata ¼ RSdS=SS Δ
 
·G·Q·F (6)
where RSdS/SS is the true reﬂection coefﬁcient at the discontinuity,Δ is the average epicentral distance of the
bin, G is geometrical spreading factor, Q is attenuation factor, and F is the focusing and defocusing factor
from stacking. The SdS/SS amplitude in synthetic stacking result can be expressed as
ASdS=SSsyn ¼ RmodSdS=SS Δ
 
·G·Q·F (7)
where RmodSdS=SS is the reﬂection coefﬁcient in model ak135. We assume that the attenuation, geometrical
spreading, and focusing and defocusing effects of data and synthetics are similar and thus can be removed.
We also assume that the scaling factor of the reﬂection coefﬁcient from the average epicentral distance (Δ) to
the reference epicentral distance (Δref = 125°) is similar in data and synthetics. Based on equations (6) and
(7), the true reﬂection coefﬁcient at the discontinuity is then given as follows:
RSdS=SS Δrefð Þ ¼ RmodSdS=SS Δrefð Þ·
ASdS=SSdata
ASdS=SSsyn
(8)
where Δref is the reference epicentral distance 125°,A
SdS=SS
data is the SdS/SS amplitude of data stacking result,
andASdS=SSsyn is the SdS/SS amplitude of synthetic stacking result. The reﬂection coefﬁcient is recovered from
the amplitude ratio of data over synthetic stacking results. After amplitude corrections, we use a similar
method as the travel‐time inversion to invert for the azimuthal anisotropy near the 410 and 660‐km
discontinuities.
Saki et al. (2018) investigated the feasibility of using the reﬂection coefﬁcients of PP and SS precursors, par-
ticularly the polarity change of amplitudes, to detect seismic anisotropy and constrain the type of deforma-
tionmechanisms near the 410‐km discontinuity. However, the polarity change of SS precursors only exists at
short epicentral distance range (e.g., 30°–40°), which is not applicable for SS precursor stacks due to the tri-
plications and extremely low amplitudes in the range. Here, we focus on the azimuthal dependence of SS
precursor amplitudes, which are all above zero, rather than detecting the polarity reversals.
3. Results
3.1. MTZ Topography
After stacking the data in 1,000‐km radius caps, we obtain global topography maps of 410 and 660 depths,
and MTZ thickness (Figure 4), corrected for crustal and upper mantle velocity structures. The mean
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depths of 410 and 660‐km discontinuities are 416.8 (±11.7) km and 661.1 (±11.9) km, respectively. The MTZ
thickness is calculated as the difference between the 410 and 660 depths, with a mean value of 244.4 (±13.1)
km. This value is independent from the upper mantle velocity structures and thus more robust than the
individual 410 and 660 depths.
The 410 depth shows a strong depression beneath most of the Paciﬁc Ocean (Figure 4a). This result is con-
sistent with the presence of hotspots here, including Hawaii, Bowie, and Samoa, which can produce hot
anomalies in the MTZ (e.g., Courtier et al., 2007). The 410 depth is slightly elevated beneath Sumatra and
Philippine subduction zones, but no elevation is observed beneath Japan and South America subduction
zones. A depression of the 660 depth is found beneath the subduction zones in the western Paciﬁc (Japan,
Izu‐Bonin, Sumatra, and Tonga) and South America (Figure 4b). This corresponds well with cold anomalies
introduced by the subducting slabs. The 660 depth is elevated beneath several hot spots such as Comoros,
Iceland, and Bowie. Conversely, the 660 depths beneath Hawaii and southern Paciﬁc hot spots are close
to the global average.
Correspondingly, the MTZ thickness is characterized by thinning in the Paciﬁc and thickening beneath the
western Paciﬁc and South America subduction zones (Figure 4c). A thinned MTZ is observed beneath most
hot spots in Paciﬁc (e.g., Hawaii, Bowie, Cobb, Samoa, and MacDonald), resulting mainly from the
depressed 410‐km discontinuity. In contrast, the thin MTZ beneath Iceland only arises from an elevation
of the 660. The only thin MTZ region with both depressed 410 and elevated 660‐km discontinuities is
beneath the Comoros hot spot. A thickenedMTZ beneath the western Paciﬁc and South America subduction
zones is primarily a consequence of the depression of 660‐km discontinuity. The Sumatra subduction zone is
the only thickened region to have both shallow 410‐km and deep 660‐km discontinuities. TheMTZ thickness
is generally thinned in the hot mantle plume regions and thickened in the cold slab regions. The general cor-
relation of thick (thin) MTZ to cold (hot) regions indicates that mantle temperature plays a dominant role in
MTZ topography.
The errors on MTZ thickness are closely related to the data coverage (Figure 4d). The uncertainties in the
Southern Hemisphere are larger than the Northern Hemisphere due to inhomogeneous station density.
Most of the oceanic regions (e.g., Paciﬁc and Indian Oceans) and the Eurasia continent have ample data
sampling (number of records, NR > 500) that yield an uncertainty less than 5 km. On the contrary, the
Figure 4. TheMTZ topographymodel, which is corrected for crustal and upper mantle heterogeneities. The global map of
(a) 410 topography, (b) 660 topography, (c) MTZ thickness, and (d) uncertainty of MTZ thickness. The average depths,
thickness, and uncertainty are labeled on the top right corner of each panel. The pink dots denote the hot spots (Courtillot
et al., 2003), and green lines are the plate boundaries (DeMets et al., 1990).
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data coverage in Australia, India, South Africa, and Argentina is poor (NR < 100) so the uncertainties are
above 10 km.
The 10‐km variation in topography is equivalent to ~3 s in travel‐time variation. In order to constrain azi-
muthal anisotropy from SdS travel‐times, we remove the effect of MTZ topography on the travel‐times by
applying a pre‐stacking topography correction to the entire data set. From the topography calculated for
1,000‐km radius bins, we compute the topography corrections from the difference between local 410, 660
depths and global mean values. We apply this correction prior to azimuthal stacking, ensuring that the azi-
muthal variations of SdS travel‐times are independent from MTZ topography.
3.2. Regional Azimuthal Stacking
3.2.1. Central Paciﬁc
The central Paciﬁc bin is located near Hawaii, and the radius is 2,000 km (Figure 5a). Here, global stacks
reveal that the MTZ thickness is thinned by ~10 km beneath Hawaii. The azimuths of bounce points are
dominated by those oriented toward the USArray (30°–60°), but the southeast direction (90°–120°) is not
well covered by the data. The data are stacked into 30° azimuthal bins (Figure 5b). The travel‐time variations
of S410S and S660S have less than 1‐s deviation from the mean values. The amplitude variations are highly
correlated with the 1‐D synthetics (Figure 5c), indicating that most anomalies arise from attenuation and
geometrical spreading, rather than azimuthal anisotropy at the discontinuities, and thus are removed by
the amplitude corrections.
Considering the travel‐times and amplitudes of SS precursors as a function of bounce point azimuths
(Figure 6), we ﬁnd that the S410S travel‐time is sensitive to the upper mantle structure (0–410 km) and
S660S travel‐time is sensitive to both the upper mantle and transition zone structure (0–660 km). The upper
mantle anisotropy is mapped onto both SS precursors due to the SS reference phase. However, the differen-
tial S410S‐S660S travel‐time is only affected by the transition zone structure (410–660 km), making it an
independent indicator for MTZ anisotropy.
We build 1‐D anisotropy models in both the upper mantle (80–220 km) and MTZ (410–660 km) to invert for
the strength of anisotropy (dlnG = G/L) and fast direction (Θ) (Figure 6). The upper mantle model is applied
to S410S and S660S travel‐times and the MTZ model to the S410S‐S660S travel‐time and amplitude inver-
sions. The best ﬁtting model of S410S time is dlnG = 4.0 ± 3.2% and Θ = 95° ± 21° (Figure 6a). We ﬁnd
Figure 5. (a) The bounce point map of the central Paciﬁc bin is superimposed on the map of MTZ thickness. The radius of the bin is 2,000 km. The black lines
denote the bounce points and orientations of the SS raypaths. The pink circles and green triangles represent the earthquakes and stations, respectively. (b) The
azimuthal stacking results of data in the central Paciﬁc bin. The gray‐shaded region is the 95% conﬁdence levels of amplitudes estimated from bootstraps. The
positive amplitudes are indicated in red. A gap is produced near −190 s because the S410S and S660S stacks are completed separately. The dash lines represent the
average travel‐times of S410S and S660S. The number of records (NR) of each stack are labeled beside the seismograms. (c) The azimuthal stacking results of
corresponding synthetics.
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that the fast direction is oriented southeast; this result is consistent with surface wave anisotropy models at
150‐km depth (e.g., dlnG = 3.1%, Θ = 102° in Yuan & Beghein, 2013) and APM models (e.g., Θ = 155° in
Becker et al., 2015) in the central Paciﬁc region. The best ﬁtting model for S660S time is dlnG = 3.9 ±
2.7% and Θ = 117° ± 20° (Figure 6b). The strength of anisotropy is consistent with the S410S inversion,
but the fast direction is more southeasterly due to the bias from the MTZ structure. The 2σ error ellipses
of S410S and S660S times do not include the zero anisotropy point (Figure 6c); this means that the
strength of anisotropy in the upper mantle is signiﬁcantly above zero.
Our inversion result of S410S‐S660S time beneath the central Paciﬁc bin is dlnG = 2.9 ± 2.8% andΘ= 153° ±
38° (Figure 6d). This indicates ~3% anisotropy existing in the MTZ here, and the fast direction is again
oriented southeast. However, this value is not signiﬁcantly above zero (Figure 6f) indicating that the MTZ
anisotropy is not well resolved, in agreement with the uncertainty estimates of Yuan and Beghein (2018).
Future work with additional data and less noisy stacks can help reduce the uncertainties of travel‐time mea-
surements and perhaps resolve the structure. The inversion results of S410S and S660S amplitudes are also
not signiﬁcantly above zero, and the 2σ errors are quite large compared to the S410S‐S660S time (Figures 6e
and 6f). We also examine the stacking results in the northwestern Paciﬁc, Greenland, and central Atlantic
but do not ﬁnd signiﬁcant signals for MTZ anisotropy (Figures S1–S3 in the supporting information).
3.2.2. Subduction Zones
Subducting slabs can introduce strong mantle ﬂow into the MTZ and cause azimuthal anisotropy (e.g.,
Billen, 2008). Unfortunately, the SS data set does not have sufﬁcient azimuthal coverage in any individual
subduction zone to perform single‐region studies. Thus, to explore the presence of azimuthal anisotropy
near slabs, we select six subduction zones around the Paciﬁc Ocean using the SLAB 1.0 model (Hayes
et al., 2012): (1) Kamchatka/Japan/Izu‐Bonin, (2) Aleutian, (3) Cascadia, (4) South America, (5)
Kermadec‐Tonga, and (6) Sumatra (Figure 7). We select the SS bounce points that are located beneath the
slab contours deﬁned by SLAB 1.0 model. Then, we deﬁne a new coordinate system using the trench‐
perpendicular and parallel directions to combine the six subduction zones into one data set (Figure 7b).
Figure 6. The measurements of relative travel‐times and amplitudes of SS precursors in the central Paciﬁc bin are plotted
as a function of bounce point azimuths. (a) The S410S‐SS travel‐time residuals. The dash line is average travel‐time
measured from the stacking of all data in the central Paciﬁc bin, and the gray‐shaded box denotes the uncertainty. The blue
curve is the best ﬁtting model inverted from the 1‐D anisotropy model. The dlnG and Θ values represent the strength of
anisotropy and fast direction of the best ﬁtting model, respectively. (b) The S660S‐SS travel‐time residuals. (c) The 2σ error
ellipses of the best ﬁtting models of S410S and S660S times estimated from the chi‐squared statistics. The black cross
denotes the zero anisotropy point. (d) The S410S‐S660S travel‐time residuals. (e) The S410S/SS (blue) and S660S/SS (red)
amplitudes. (f) The 2σ error ellipses of the best ﬁtting models of S410S‐S660S time, S410S amplitude, and S660S amplitude.
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We then calculate the relative azimuths between bounce point azimuths and trench perpendicular
directions. We stack the whole subduction zone data set by relative azimuths into 30° bins. The stacking
results are plotted as a function of relative azimuths (Figure 8); the 0° and 180° represent the trench‐
perpendicular direction, and the 90° represents the trench parallel direction.
The S410S travel‐time (Figure 8a) has stronger variations than the S660S travel‐time (Figure 8b). We use the
1‐D anisotropy model (80–220 km) to invert for the upper mantle anisotropy, ﬁnding a best ﬁtting model of
S410S time as dlnG = 4.3 ± 2.4% and Θ = 100° ± 17°. This suggests that ~4% azimuthal anisotropy exists in
the upper mantle beneath subduction zones with a nearly trench‐parallel fast direction. The dlnG value
inverted from S410S time is signiﬁcantly above zero, while the one from S660S time is not signiﬁcant
(Figure 8c), which indicates that strong perturbations are caused by the MTZ structures beneath
subduction zones.
The best ﬁtting model of S410S‐S660S time is dlnG = 2.7 ± 2.5% and Θ = 168° ± 33° (Figure 8d). It suggests
that ~3% anisotropy exists in MTZ beneath subduction zones with a nearly trench‐perpendicular fast direc-
tion. The strength of anisotropy is slightly weaker than the upper mantle, in agreement with the weaker elas-
tic anisotropy of wadsleyite and ringwoodite compared to olivine. The fast direction transitions from trench
parallel in the upper mantle into trench perpendicular in theMTZ, indicating that there could be a change of
mantle ﬂow direction with depth. The S410S and S660S amplitudes showed strong variations with relative
azimuths, but they exhibited a higher correlation than other stacks (r2 = 0.67). This may result from uncor-
rected 3‐D attenuation structures in the upper mantle, which map SS amplitude variations onto S410S and
S660S amplitudes. Thus, we further correct the correlated components between S410S and S660S ampli-
tudes. After correction, neither of S410S and S660S shows signiﬁcant variations with relative azimuths,
Figure 7. SS precursor azimuthal sampling in subduction zones. The geometries of slabs are from SLAB 1.0 model (Hayes et al., 2012). (a) The global map of bounce
points in subduction zones. The blue points denote the bounce points, and the red boxes highlight the locations of six subduction zones. The six subduction zones
are (b) Kamachatka/Japan/Izu‐Bonin slabs and the illustration of the trench‐perpendicular/parallel coordinate system; (c) Aleutian slab; (d) Cascadia slab; (e)
Sumatra slab; (f) Kermadec‐Tonga slab; (g) South America slab. The color bar shows the depth to slab, and the white vectors denote the azimuths of the bounce
points.
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which indicates that no strong anisotropy exists near MTZ discontinuities (Figure 8e). The dlnG value
inverted from S410S‐S660S time is slightly above zero, while the amplitudes are not signiﬁcant and have
large uncertainties (Figure 8f).
3.3. Global Azimuthal Stacking
The regional azimuthal stacks are limited to locations with sufﬁcient azimuthal coverage. Here, we also
interrogate the upper mantle and MTZ anisotropy at a global scale. In surface wave anisotropy models,
the fast directions change as a function of depth at any given location. We therefore compute an average ani-
sotropy model across a certain range of depths (e.g., 410–660 km) for the global azimuthal stacking. We fol-
low the methods of Montagner et al. (2000) to compute the synthetic shear wave splitting models from
surface wave models:
δt ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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where δt is the shear wave splitting time, ϕ is the fast direction, z is the depth, h1 and h2 are the lower and
upper bounds of the depth range, and Vs is the shear wave velocity. We select two depth ranges to calculate
the synthetic shear wave splitting models: (1) 80–220 km (upper mantle) and (2) 410–660 km (MTZ). We use
the fast directions of the synthetic shear wave splitting model as an average model in these two depth ranges.
The relative azimuths between the bounce point azimuths and averaged fast directions for the global azi-
muthal stacking allow us to examine the evidence of azimuthal anisotropy in the upper mantle and MTZ
at a global scale.
Figure 8. The azimuthal stacking results of subduction zones. (a) S410S travel‐time residuals; (b) S660S travel‐time residuals; (c) The 2σ error ellipses of the best
ﬁtting models of S410S and S660S times; (d) S410S‐S660S travel‐time residuals; (e) S410S and S660S amplitudes; (f) The 2σ error ellipses of the best ﬁtting models of
S410S‐S660S time, S410S amplitude, and S660S amplitude. The legends are the same as Figure 6. The 0° and 180° represent the trench‐perpendicular direction,
and the 90° represents trench‐parallel direction.
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The synthetic shear wave splitting models are computed from three surface wave anisotropy models using
equations (9) and (10) (Figure 9). In the upper mantle, the fast directions are generally consistent in three
models although 3D2017_09Sv model shows stronger anisotropy. In the MTZ, YB13SVani is the only model
with relatively strong anisotropy compared to the upper mantle structure. Moreover, the fast directions from
the three models are inconsistent, implying that theMTZ anisotropy is not well resolved from surface waves.
We compute the relative azimuths of SS bounce points from the fast directions, in a similar way to the sub-
duction zone data subsets. Beneﬁtting from sufﬁcient azimuthal coverage, we stack the global data set into
15° bins according to relative azimuth.
3.3.1. Upper Mantle
Upper mantle anisotropy affects the travel‐times of SS phase, which are mapped onto the S410S and S660S
travel‐times. If the fast directions from the surface wave models are consistent with the Earth's anisotropy
structures, we expect to observe a fast direction from SS precursors to be close to 0° or 180°. We inverted
the observed travel‐times and amplitudes for the fast direction (Θ) and strength of anisotropy (dlnG) in
the upper mantle assuming a 1‐D anisotropy model like we did in regional studies (Figure 10).
The S410S times show a clear 2ψ azimuthal variation, and the fast directions are close to 0° or 180°
(Figures 10a–10c). This supports the concept that the fast directions in the upper mantle are well constrained
from three surface wave models. The strengths of upper mantle anisotropy inverted from YB13SVani,
SL2016svA, and 3D2017_09Sv models are dlnG = 0.95 ± 0.55%, dlnG = 0.91 ± 0.68%, and dlnG = 1.3 ±
0.3%, respectively. The dlnG values from three models are all signiﬁcantly above zero (Figure 10g), suggest-
ing that ~1% azimuthal anisotropy exists between 80 and 220 km in the upper mantle. This is weaker than
Figure 9. The depth‐averaged shear wave splitting models computed from the surface wave anisotropy models:
YB13SVani (Yuan & Beghein, 2013), SL2016svA (Schaeffer et al., 2016), and 3D2017_09Sv (Debayle et al., 2016). The
ﬁrst and second columns represent the models for the upper mantle (80–220 km) and MTZ (410–660 km), respectively.
The red vectors denote the fast directions of azimuthal anisotropy, and the length is scaled with the strength of anisotropy.
The numbers on the bottom right of each panel denote the mean/maximum shear wave splitting time. The fast directions
of shear wave splitting models are used for global azimuthal stacking. The blue lines are the plate boundaries (DeMets
et al., 1990).
10.1029/2019JB017307Journal of Geophysical Research: Solid Earth
HUANG ET AL. 6790
the RMS amplitudes of azimuthal anisotropy in YB13SVani and 3D2017_09Sv model but stronger than
SL2016svA model (Figure 2).
The S660S times produce more outliers than S410S times; these outliers are excluded from the inversions
because they may be contaminated by MTZ structures (Figures 10d–10f). The best ﬁtting S660S fast direc-
tions are close to 160° in all three surface wave models, which is ~20° from the predicted 180° fast direction.
The dlnG values for YB13SVani, SL2016svA, and 3D2017_09Sv models are dlnG = 0.49 ± 0.48%, dlnG = 0.71
± 0.34%, and dlnG = 0.89 ± 0.52% respectively. The dlnG value from YB13SVani is not signiﬁcantly above
zero, but the other two models are both signiﬁcant (Figure 10h). The S660S times also support that ~1% azi-
muthal anisotropy exists in the upper mantle although the Θ and dlnG values may be inaccurate due to the
contamination of uncorrected MTZ heterogeneities.
In summary, the upper mantle anisotropy is resolvable from S410S and S660S times for global azimuthal
stacking. We ﬁnd that the average strength of anisotropy is ~1% in the upper mantle (80–220 km), which
is weaker than the estimates from surface waves. However, the strength of anisotropy is dependent on the
thickness of the upper mantle model used for inversion, and the body wave method is intrinsically different
from surface waves. To the ﬁrst order, the upper mantle anisotropy from SS precursors is consistent with the
surface wave models. However, our result suggests that the S410S and S660S travel‐times can be biased by
Figure 10. The global azimuthal stacking results for the upper mantle anisotropy. (a–c) The S410S travel‐time residuals
plotted as a function of relative azimuths, which are computed from the fast directions of three surface wave models.
(d–f) The S660S travel‐time residuals plotted as a function of relative azimuths. The legends are the same as Figure 6. The
strength of anisotropy (dlnG) and fast direction (Θ) of the best ﬁtting model is labeled in each panel. The 2σ error ellipses
of the best ﬁtting models of (g) S410S times and (h) S660S times.
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~0.5 s from upper mantle anisotropy, motivating an anisotropy correction to obtain more accurate 410 and
660 depths.
3.3.2. Mantle Transition Zone
We continue our experiments using global anisotropy models to stack for the structures in the MTZ. The
S410S‐S660S times and S410S, S660S amplitudes are the measurements sensitive to MTZ anisotropy.
Considering these parameters as a function of relative azimuths (Figure 11), we ﬁnd that the S410S‐S660S
times have weaker variations (Figures 11a–11c) than the upper mantle stacks. The dlnG values for
YB13SVani, SL2016svA, and 3D2017_09Sv models are dlnG = 0.43 ± 0.48%, dlnG = 0.75 ± 0.84%, and
dlnG = 0.98 ± 1.2%, respectively. None of the three models shows signiﬁcant anisotropy signals above zero
(Figures 11a–11c and 11g), which can be attributed to the poorly constrained anisotropy in the surface wave
models. Alternatively, extremely weak anisotropy in the MTZ caused by the weak single‐crystal anisotropy
of wadsleyite and ringwoodite can explain this as well.
Figures 11d–11f reveal that the S410S and S660S amplitudes are close to the mean values and do not show a
clear 2ψ variation after the amplitude corrections, except several outliers that are excluded from the inver-
sions. The S410S and S660S amplitudes are correlated with each other in the SL2016svA model (r2 = 0.65)
indicating that the variations could result from the SS amplitude changes. We correct for the correlated com-
ponent between S410S and S660S amplitudes. Only the dlnG value of S410S amplitude from YB13SVani
model, dlnG = 3.9 ±3.3%, is signiﬁcantly above zero (Figure 11d). However, the fast direction,
Figure 11. The global azimuthal stacking results for the MTZ anisotropy. (a–c) The S410S‐S660S travel‐time residuals
plotted as a function of relative azimuths. (d–f) The S410S/SS (blue) and S660S/SS amplitudes (red) plotted as a
function of relative azimuths. The 2σ error ellipses of the best ﬁtting models of (g) S410S‐S660S time, (h) S410S amplitude
and (i) S660S amplitude in the MTZ. The legends are the same as Figure 6.
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Θ= 119 ° ± 25°, is nearly perpendicular to the predicted 180° fast direction, which suggests that this signal is
not well constrained. None of the other dlnG values is signiﬁcantly above zero from the three surface wave
models (Figures 11h and 11i). This result indicates that no strong anisotropy exists at 410 and 660‐km
discontinuities at the global scale.
Overall, we ﬁnd that the MTZ anisotropy inverted from the global stacking approach is relatively weak; if it
exists, it is less than 1%. It is difﬁcult to quantify a small amount of anisotropy from S410S to S660S travel‐
times alone. Furthermore, the S410S and S660S amplitudes cannot resolve the anisotropy near 410 and
660‐km discontinuities at the global scale, suggesting that signals are isolated to regional structures.
4. Discussion
4.1. Weak MTZ Anisotropy
In the global azimuthal stacking, we ﬁnd evidence for ~1% azimuthal anisotropy in the upper mantle (80–
220 km). We stack the global data set using the patterns of surface wave anisotropy at the depth range of
crust (0–40 km) and deep upper mantle (220–410 km) but do not ﬁnd a coherent anisotropy signal from
the stacks. This indicates that the anisotropy arises from the shallow upper mantle (80–220 km). The LPO
of olivine induced by the shear deformations is the most likely contribution to ~1% anisotropy in the asthe-
nosphere (e.g., Karato et al., 2008). We divide the global data set into oceanic and continental sub‐data sets to
study the heterogeneities of anisotropy structures beneath oceans and continents in the asthenosphere. Our
observations reveal that oceanic regions are consistent with the global average of ~1% anisotropy (Figure S4).
However, the continental regions do not display a signiﬁcant signal of anisotropy in the asthenosphere
(Figure S5). Consequently, the global average is likely dominated by oceanic regions. We also test the
SL2016svAr model by Schaeffer et al. (2016), which has smaller‐scale variations and larger amplitudes,
and we ﬁnd similar results compared to the SL2016svA model.
We ﬁnd that azimuthal anisotropy in the MTZ is weaker than 1% at the global scale. It is still uncertain that
the non‐detection of global MTZ anisotropy arises from using unconstrained surface wave anisotropy mod-
els as a reference or simply by weak anisotropy in the MTZ. The global azimuthal stacking is dependent on
the fast directions of surface wave models; hence, the anisotropy signal is canceled if the fast directions are
not accurate. On the other hand, the extremely weak anisotropy in the MTZ could be responsible for the
non‐detection. From a mineral physics perspective, it is debated that the LPO of wadsleyite is strong enough
to produce detectable seismic anisotropy, even if it has relatively strong single‐crystal anisotropy (~14%). For
example, the mineral physics modeling predicts that a polycrystal of pyrolitic composition (60% wadsleyite,
40% garnet) under the shear strain of mantle ﬂow can produce ~1% seismic anisotropy in theMTZ (Kawazoe
et al., 2013; Tommasi et al., 2004). However, a recent mineral physics study by Zhang et al. (2018) suggests
that 1% or more anisotropy in the MTZ cannot be explained by the LPO of wadsleyite as a primary source.
They propose other mechanisms such as metastable olivine or SPO to explain observations of more than
1% anisotropy in the MTZ. Moreover, the mineral recrystallization of olivine at 410‐km during the phase
change to wadsleyite would also cause the loss of seismic anisotropy in the MTZ (Karato, 1988). Our obser-
vations with SS precursors are consistent with Zhang et al. (2018), which do not support more than 1% azi-
muthal anisotropy in the MTZ. This result contrasts with observations from surface waves that found that
more than 1% azimuthal anisotropy could exist in the MTZ (e.g., Yuan & Beghein, 2013). However, given
that uncertainties in global surface wave tomography can be quite large (Yuan & Beghein, 2018), and intrin-
sic discrepancies between body waves and surface waves, it would be difﬁcult to compare them directly.
4.2. Mantle Flow in the MTZ
TheMTZ anisotropy is weak at a global scale but could be regionally enhanced near strong mantle ﬂow such
as hot spots or subduction zones. In regional stacks of the central Paciﬁc, we ﬁnd evidence for ~4% azimuthal
anisotropy in the upper mantle but no signiﬁcant anisotropy in the MTZ. Surface wave studies reported
upper mantle anisotropy in the central Paciﬁc region (e.g., Ekström & Dziewonski, 1998; Montagner,
2002; Nishimura & Forsyth, 1989), including the three surface wave anisotropy models used in this study.
Our observation of upper mantle anisotropy is consistent with the LPO fabrics of olivine induced by the hor-
izontal mantle ﬂow beneath Hawaii. However, the mantle plume mainly produces vertical ﬂow in the MTZ,
which cannot result in strong azimuthal anisotropy of SH wave (e.g., Tommasi et al., 2004). Thus, we would
not expect a strong azimuthal anisotropy signature in the MTZ beneath plume regions.
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Subducting slabs can introduce horizontal ﬂow into theMTZ andmay be a source of stronger azimuthal ani-
sotropy. Beneath the subduction zones in this study, we ﬁnd evidence for ~4% anisotropy in the upper man-
tle with a trench‐parallel fast direction and ~3% anisotropy in the MTZ with a trench‐perpendicular fast
direction. The trench‐parallel fast direction in the upper mantle is consistent with the observations by shear
wave splitting measurements; for example, Long and Silver (2008, 2009) found that trench migration
induced dominantly trench‐parallel ﬂow and anisotropic directions in the subslab mantle. However, other
studies show that the fast directions in the mantle wedge are complicated in some areas, with a transition
from trench‐parallel in the fore‐arc to trench‐perpendicular in the back‐arc (Long & Wirth, 2013). This
may be caused by a combination of trench‐perpendicular corner ﬂow and B‐type olivine or serpentinite
minerals in the mantle wedge. However, the trench‐parallel fast direction observed by our study of SS pre-
cursors is an average summation of the mantle wedge and subslab mantle structure andmay not be sensitive
to a smaller‐scale transition of fast direction in the mantle wedge. Our result indicates that trench‐parallel
mantle ﬂow is dominant in the upper mantle at the vicinity of subducting slabs.
A complication in interpreting our observations is that stacking produces an average result combining six
subducting slabs with various velocity anomalies, thickness, dipping angles, and convergence directions at
the trench. The stacking of data across multiple subduction zones would average out any local anisotropic
structures that may dominate in a particular slab conﬁguration. For example, the slabs with shallower dip-
ping angles may cause stronger horizontal ﬂow in the MTZ or have larger effects of SPO and thus contribute
more to our anisotropy measurements over more vertically oriented slabs. Furthermore, the plate motion
convergence directions are not always trench perpendicular (e.g., Becker et al., 2015), which increases the
uncertainties of measured fast directions and strength of anisotropy. Since we focus on the coherent mantle
ﬂow pattern across different subduction zones, these incoherent structures would cancel out or contribute to
the uncertainties in the stacks.
Despite these uncertainties, it is intriguing to ﬁnd that the fast direction transitions from trench parallel in
the upper mantle into trench perpendicular in the MTZ. Very few shear wave splitting studies have found
evidence for the MTZ anisotropy (e.g., Chen & Brudzinski, 2003; Fouch & Fischer, 1996; Wookey et al.,
2002), although one study detected a trench‐parallel fast direction beneath the Tonga slab (Foley & Long,
2011). The surface wave models reveal a complicated pattern for the MTZ anisotropy beneath subduction
zones. For example, the YB13SVani model (Yuan & Beghein, 2013) reports a trench‐perpendicular fast axis
beneath the Japan and Aleutian slabs but a trench‐parallel fast axis beneath the South America slab
(Figure 9). We note, however, that the lateral resolution of such models is lower than that necessary to
resolve a subducting slab. Our results suggest that the trench‐perpendicular mantle ﬂow becomes dominant
in the MTZ beneath subduction zones. As subducting slabs descend into the mid‐mantle, they can either
penetrate through the MTZ or stagnate at the bottom of the MTZ (e.g., Fukao et al., 2001). The trench‐
perpendicular fast axis better agrees with the mantle ﬂow ﬁeld caused by stagnant slabs in the MTZ (e.g.,
Billen, 2010); thus, our signals may be dominated by stagnant slabs (e.g., Japan). However, because of uncer-
tainties on the effect of pressure, water, or recrystallization across the MTZ boundaries on seismic aniso-
tropy, we cannot rule out that mantle ﬂow direction remains constant with depth and that we are seeing
the signature of these other factors on the anisotropy (Yuan & Beghein, 2013). Additionally, other mechan-
isms such as the SPO produced within slabs and different slip systems of wadsleyite (e.g., Kawazoe et al.,
2013) can also explain our observations of the MTZ anisotropy beneath the subduction zones.
4.3. The Effect of Anisotropy on MTZ Topography
We next explore how upper mantle and MTZ anisotropy affect the travel‐times of SS precursors, an effect
that has been neglected in previous MTZ topography studies. The MTZ topography can be biased by strong
seismic anisotropy if the azimuthal distribution of SS bounce points is uniform in the region, a common sce-
nario in many bins from our data set. Here, we apply an anisotropy correction based on surface wave aniso-
tropy models to obtain a more precise MTZ topography model. First, we collect Gc and Gs values from the
YB13SVani surface wave model (Yuan & Beghein, 2013) to compute velocity perturbations along each ray-
path using equations (1) and (2). Then, we use the same 1‐D ray tracing technique as in section 2.3 to com-
pute the travel‐time residuals from PREM as a reference for the anisotropy corrections. After the anisotropy
correction, we obtain a new MTZ topography model independent from upper mantle and MTZ anisotropy
structures (Figure 12). The mean values of the 410, 660 depths and MTZ thickness remain almost the
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same after anisotropy correction (Figure 13). The mean values of the topography difference are all close to
zero (Figures 13b, 13d, and 13f); the anisotropy correction results in only ±3 km topography difference,
even smaller than the topography uncertainties.
The amplitude of 410 topography (Figure 13a) and MTZ thickness difference (Figure 13e) are smaller than
that of 660 topography (Figure 13c), as S660S is affected by both the upper mantle andMTZ anisotropy struc-
tures. The Paciﬁc and South America represent the areas with multiple MTZ topography studies. If we
account for mantle anisotropy structures, the 410 and 660 depths would be ~2 km deeper in the western
and southern Paciﬁc, and ~4 km deeper in South America. The MTZ thickness would be thickened by ~3
km in southern East Paciﬁc Rise and Izu‐Bonin subduction zones and thickened by ~6 km in the Middle
East. Regional studies of MTZ topography in the western and southern Paciﬁc, and South America, should
therefore incorporate an anisotropy correction to obtain a more precise topography model that is unbiased
by anisotropy. Conversely, the difference in the central and northwestern Paciﬁc is less than 1 km, which is
negligible considering the uncertainties of topography.
We apply a spherical harmonic analysis to our MTZ topography model using a hierarchical Bayesian
approach (Muir & Tkalčić, 2015). We ﬁnd that the 410 topography has strong degree‐1 power, while the
660 topography and MTZ thickness are both dominated by degree‐2 power. This is consistent with previous
global SS precursor studies (e.g., Gu et al., 2003; Houser et al., 2008). This also suggests that our MTZ topo-
graphy model is characterized by long‐wavelength structures such as the subduction zones in the western
Paciﬁc and South America and hot spots in the Paciﬁc. These large‐scale structures are in good agreement
with previous global MTZ topography models, despite that different stacking and inversion techniques are
applied (Deuss, 2009; Flanagan & Shearer, 1998; Gu et al., 2003; Houser et al., 2008; Lawrence & Shearer,
2006, 2008). Although long‐wavelength structures agree, the small‐scale structures have poor consistency
among the models, especially in the Paciﬁc. Some of these discrepancies have been noted before (e.g.,
Deuss, 2009; Lessing et al., 2015) as a result of using different bin sizes, ﬁlter selection and data regulariza-
tion, and choice of tomography models for the corrections. Full 3‐D waveform modeling (e.g., Chaljub &
Tarantola, 1997; Bai et al., 2012; Koroni et al., 2017) coupled with large and carefully selected SS
Figure 12. The MTZ topography model that is corrected for the upper mantle and MTZ anisotropy structures using
YB13SVani model (Yuan & Beghein, 2013). The global map of (a) 410 topography, (b) 660 topography, (c) MTZ thick-
ness, and (d) uncertainty of MTZ thickness. The legend is the same as Figure 4.
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waveform datasets will provide a way forward to both benchmark across methods and assist in interpreting
smaller scale structures associated with mantle heterogeneities.
5. Conclusions
Using a large global data set of SS precursors, we have mapped the global MTZ structure for 410 and 660‐km
depths, MTZ thickness, and MTZ anisotropy. We ﬁnd that the MTZ is thickened beneath subduction zones
and thinned beneath hot spots; this is consistent with many previous studies and conﬁrms that temperature
plays a key role in the MTZ topography. We interrogate the azimuthal anisotropy in the upper mantle and
transition zone at regional and global scales. In the central Paciﬁc, we determine ~4% azimuthal anisotropy,
with a SE fast direction in the upper mantle. We observe no signiﬁcant azimuthal anisotropy within theMTZ
beneath the central Paciﬁc, consistent with a pattern of vertically dominated mantle ﬂow in the MTZ. In the
subduction zones, we detect ~4% anisotropy with a trench‐parallel fast direction in the upper mantle. In the
MTZ, we ﬁnd ~3% anisotropy with a trench‐perpendicular fast direction near slabs, which we attribute to the
LPO of wadsleyite induced by the strong mantle ﬂow near subduction zones. Globally, we observe ~1% azi-
muthal anisotropy in the uppermantle but no signiﬁcant anisotropy in theMTZ. Thus, SS precursors suggest
that the strength of azimuthal anisotropy in the MTZ is weaker than 1% at a global scale. We correct for
upper mantle and MTZ anisotropy structures using surface wave anisotropy models, to obtain a more accu-
rate MTZ topography model. The anisotropy correction corresponds to only ±3 km difference in the MTZ
Figure 13. The difference of MTZ topography after the anisotropy correction. The map of the difference of (a) 410 topo-
graphy, (c) 660 topography, and (e) MTZ thickness. The legend is the same as Figure 4. (b, d, and f) The histograms of the
topography difference. The mean values (avg) and the standard deviations (std) are labeled in each panel.
10.1029/2019JB017307Journal of Geophysical Research: Solid Earth
HUANG ET AL. 6796
topography, within the range of the uncertainties. However, the regional studies of MTZ topography in the
western Paciﬁc, southern Paciﬁc, and South America require corrections for the upper mantle and MTZ
anisotropy structures.
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